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The production of Cl atoms in the laser ﬂash photolysis of ClOOCl at 308 nm has been investigated by
time-resolved atomic resonance ﬂuorescence at 235 K. A value of / = 1.03 ± 0.12 has been obtained for
the primary quantum yield based on an absorption cross section ratio r245/r308 = 22 for ClOOCl at 245
and 308 nm.
 2013 Published by Elsevier B.V.1. Introduction
The photochemistry of the ClOOCl molecule, formed by the self-
reaction of ClO radicals, is of considerable interest because of its
expected role in the mechanism of polar ozone depletion. The cat-
alytic ozone destruction cycle involving these species is as follows
[1]:
ClOþ ClOþM! ClOOClþM; ð1Þ
ClOOClþ hv ! Clþ ClOO; ð2Þ
ClOOþM! Clþ O2 þM; ð3Þ
2ðClþ O3 ! ClOþ O2Þ; ð4Þ
net :203! 3O2:
This cycle is thought to be the major contributor to polar ozone
loss [2–4]. In the past couple of years much has been learned about
the Cl2O2 molecule produced in reaction (1). It has been shown to
be ClOOCl, chlorine peroxide [5,6]. The rate of reaction (1) is now
reasonably well established by measurements carried out at pres-
sures and temperatures similar to those prevailing in the polar
stratosphere, although some discrepancies remain [7,8]. The ultra-
violet spectrum of ClOOCl indicates that it absorbs radiation efﬁ-
ciently at wavelengths longer than 300 nm [9,10] and hence it
can be photolyzed in the polar stratosphere in the spring months.
We suggested earlier [1] that the most probable photolysis
products are Cl atoms and ClOO radicals (reaction (2)) becausethe absorption around 300 nm most likely involves a transition
in which a non-bonding electron localized on the chlorine atom
is promoted to a repulsive upper state. Thus for example, it is well
established that the photodecompositions of HOCl and ClONO2
which also contain the ClO chromophore lead to Cl-atom formation
[11]. Notice, in contrast, that if two ClO radicals were produced in
reaction (5), as suggested by Eber-stein [12], the formation of ClO-
OCl would not lead to ozone destruction:
ClOOClþ hv ! 2ClO: ð5Þ
Cox and Hayman [9] have recently suggested a quantum yield
of 1.98 ± 0.8 for reaction (2) throughout the absorption band of
ClOOCl on the basis of an assumed mechanism for the reactions
taking place in the steady state photolysis of Cl2O–N2 mixtures at
254 nm. In this paper we report measurements involving the direct
detection of Cl atoms in reaction (2) during the low temperature
pulsed photolysis of ClOOCl at 308 nm.2. Experimental
Fig. 1 shows a schematic diagram of the apparatus used to gen-
erate ClOOCl and to study its photochemical decomposition. The
ﬂow system consists of three separate optical detection units con-
nected in series: an IR absorption cell, a UV absorption cell and a
resonance ﬂuorescence unit. The system was maintained at
235 K. The IR cell (White-optics, 57 cm long, 36 passes, 300 ml vol-
ume) was interfaced to a Fourier-transform infrared spectrometer
(Nicolet 20SX). Ultraviolet analysis were performed with a double
beam spectrometer (Cary 219) interfaced to an IBM computer. The
50 cm long, 3.5 cm diameter quartz absorption cell had Suprasil
windows and folded optics resulting in an optical path length of
1 m.
Photolyses were carried out with a Xe/Cl excimer laser (Lumon-
ics TE 860–2) emitting at 308 nm at a repetition rate of l–2 Hz.
Average ﬂuences of about 8.5 mJ/cm2 were delivered at the cell.
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Fig. 1. Schematic diagram of the experimental apparatus.
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window was attached to the front face of this cell. The intensity of
the Cl-resonance lamp was monitored by means of a vacuum
monochromator (GCA/McPherson 218) directly attached to the
rear face of the ﬂuorescence cell and equipped with a second pho-
tomultiplier (Hamamatsu 1259). A solar blind photomultiplier
tube (Hamamatsu R1459P) was used for the detection of the reso-
nance ﬂuorescence signals which were processed by a photon
counter and a signal averager (Nicolet 1170) interfaced to a com-
puter which accumulated signals from 100 to 1000 photolysis laser
pulses. Resonance ﬂuorescence from oxygen atoms (produced by
photolysis of O3) made a negligible contribution to the Cl-atom sig-
nal in our system.
High purity helium, passed through molecular sieve traps at
77 K, was used as the carrier gas. For the photolysis experiments
the total carrier gas ﬂow was varied in the range 900–2700 SCCM
at a total pressure of 20 Torr. Spectroscopic studies were per-
formed at total pressures up to  100 Torr. Fluorine or chlorine
atoms were generated in microwave plasmas of 5% F2/He or Cl2/
He mixtures ﬂowing through a sapphire tube. Ozone was prepared
from ultra-high purity oxygen in a commercial ozonizer and was
collected on silica gel at 195 K. It was swept by ﬂowing measured
amounts of He through this trap. The resulting O3/He mixture was
precooled before entering the system. The ozone concentration
was continuously monitored by measuring the absorbance at
254 nm. All parts of the ﬂow system except for the sapphire tube
were passivated with halocarbon wax to minimize wall reactions.
For the actinometric measurements, metered ﬂows of Cl2 were
introduced at the end of the reaction section immediately priorto the entrance to the UV cell. In most experiments the reaction
mixture was further diluted with He introduced through a port lo-
cated just upstream of the ﬂuorescence cell. NO, puriﬁed by pas-
sage through a trap at 195 K, was introduced at this same port in
some experiments.3. Results and discussion
3.1. Production and UV absorption spectrum of ClOOCl
Chlorine peroxide was produced by the sequence of reactions:
FþHCl! HFþ Cl; ð6Þ
Clþ O3 ! ClOþ O2; ð4Þ
2ClOþM! ClOOClþM: ð1Þ
Typical input concentrations were [F2] = 1.2  1015,
[HCl] = 1.80  1016 and [O3] = 1.8  1015 molecule cm3. About
95% of the ﬂuorine atoms produced in the microwave discharge
were consumed by reaction (6) in less than 5 ms, the residence
time of the gases in the section of the ﬂow system between the
HCI and O3 injectors (k6 = 2.0  1011 cm3 molecule1 s1) [13].
FTIR spectra showed that the amounts of HF formed and HCl con-
sumed closely balanced. Cl atoms subsequently reacted with ex-
cess O3 in the cooled region, a process followed by the formation
of ClOOCl, reaction (I). Cl atoms were occasionally produced by di-
rect dissociation of Cl2 in the microwave plasma, particularly for
those experiments speciﬁcally designed to investigate the UV spec-
trum of ClOOCl.
Spectra of the ﬂowing gas mixtures were recorded as they
passed through the absorption cells, with the microwave discharge
on and off. Reference spectra were obtained for helium plus each
one of the reactants O3, Cl2, F2 and HCl. ClO was monitored through
its banded spectrum around 270–310 nm. In some experiments
performed immediately after the reactor had been exposed to the
atmosphere some OClO was also formed at 235 K. The UV spectra
were analyzed by a scaled subtraction procedure assuming that
they consisted of ClOOCl, Cl2 as well as unreacted O3, HCl and F2.
The absorbance at 330 nm was attributed to Cl2 and its contribu-
tion subsequently subtracted. After taking into account the contri-
bution of HCl and F2, the spectra were analyzed for O3 and ClOOCl
in a self-consistent manner by ﬁrst assuming that the absorbance
at 200 nm was due entirely to ClOOCl. The contribution from O3
was then subtracted by successive approximations until the ﬁnal
spectrum of ClOOCl converged to one possessing a maximum at
245 nm and lacking features around 254 nm, which belong to O3.
The concentration of O3 obtained independently by monitoring
its 1030 cm1 band by FTIR agreed with that calculated from the
UV analysis.
In principle the information needed for the analysis of the quan-
tum yield experiments involves only the product of the absorption
cross section at 308 nm times [ClOOCI], that is: A245r308/r245. No
absolute cross section values are required. In practice, this product
was obtained by monitoring the ClOOCl absorbance in the 200–
260 nm region and by measuring in separate experiments the ratio
of the absorption cross sections at 245 and 308 nm. These experi-
ments were performed at higher pressures (about 100 Torr) to
eliminate traces of ClO; in some runs Cl2 was used, instead of
F + HCl, as the Cl-atom source to simplify the spectral analysis. A
value of 22 was derived for the cross section ratio in question with
an estimated error of about 20% based on the dispersion obtained
in repetitive analysis of duplicate experiments. It is more difﬁcult
to estimate the accuracy of the reported value since there is no
independent way to analyze reaction mixtures. However, the fact
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Cl-atom generation lends support to the adopted deconvolution
scheme. The cross section values reported by other groups yield ra-
tios ranging from 10 to 15. It should be emphasized that while
there is good agreement on the shape of the spectrum in the
210–260 nm wavelength range, there are signiﬁcant discrepancies
at the longer wavelengths [10].
3.2. Laser ﬂash photolysis of CIOOCl
Transient chlorine ﬂuorescence signals of intensity I were de-
tected following the pulse irradiation of the ﬂowing gas mixtures
at 235 K. A typical trace of the decay curves of such signals is
shown in Fig. 2a. Extrapolation to time zero should provide, in
principle, a signal I0 proportional to the concentration of Cl atoms
formed in the primary photochemical process. Since we veriﬁed
that for Cl2/He mixtures the ﬂuorescence signal is directly propor-
tional to [Cl2] within the concentration range employed, the sys-
tem is optically thin under our experimental conditions and was
therefore calibrated using Cl2 as an internal actinometer, assuming
constant laser and resonance lamp intensities. The quantum yield
/ for chlorine-atom production in the photolysis of ClOOCl, step
(2), is given, in principle, by the following expression:
/ ¼ lrCl2
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Fig. 2. (a) The decay of atomic chlorine ﬂuorescence signal (arbitrary units)
following laser pulses; [ClOOCl] = 2.0  1014, [O3] = 1.8  1014 molecules cm3.
Solid line: calculated values of [Cl] for the mechanism comprising reactions (3), (4),
(7)–(11); [Cl]0 = [ClOO]0 = 1.0  1012 molecules cm3 (See text). (b) The decay of
atomic chlorine ﬂuorescence following laser pulses; same conditions as in (a) but in
the presence of [NO] = 1.8  1015 molecules cm3. Solid line; calculated values of
[Cl] for the mechanism used in (a) plus reactions (12)–(16); k12 = 2.1  1011, k13
[M] = 1.2  1013, k14[M] = 5.0  1012, k15 = 1.0  1010, k16 = 6.0  1011 cm3
molecule1s1.where I0 is the signal from the photolysis of ClOOCl in the absence
of Cl2; I 00 is the signal for the Cl2 calibration experiment (in the ab-
sence of ClOOCl); l is the optical path length of the UV cell; A245 is
the contribution from ClOOCl to the absorbance (base e) measured
by the spectrometer at 245 nm; rCl2 is the absorption cross section
of Cl2 at 308 nm; r245 and r308 are the absorption cross sections of
ClOOCl at 245 and 308 nm; and [Cl2] is the concentration of molec-
ular chlorine in the calibration experiment. In practice, measure-
ments of the ﬂuorescence signal were carried out be adding
known amounts of 5% Cl2/He to the reactant mixture containing
ClOOCl at the entrance of the UV cell; / was estimated by taking
into account the particular amounts of Cl2 and ClOOCl present in
each run. Multiphoton dissociation processes are not expected to
contribute under present conditions since measured quantum
yields were not affected by a variation of a factor of 2 in laser
ﬂuences.
There are two issues regarding the extrapolation of the signal to
time zero which need to be considered: Cl atoms are formed not
only in step (2), but also by the decomposition of ClOO in step
(3), which is very rapid; and Cl atoms can engage in very fast sec-
ondary reactions. The time resolution of our experiments is deter-
mined by the signal averager minimum dwell time, which is 5 ls. If
the thermal decomposition of ClOO (reaction (3)) occurs on a faster
time scale, the apparent quantum yield for Cl-atom production will
be twice the primary quantum yield. On the other hand if Cl atoms
are consumed in very fast reactions the extrapolation of [Cl] to
time zero would become uncertain. To further analyze these pro-
cesses, the following mechanism was assumed to simulate the
chemical reactions triggered by the photodissociation of ClOOCl:
ClOOClþ hv ! Clþ ClOO; ð2Þ
ClOOþM! Clþ O2 þM; ð3Þ
ClþO3 ! ClOþ O2; ð4ÞClþ ClOOCl! Cl2 þ ClOO; ð7Þ
Clþ ClOO! Cl2 þ O2; ð8Þ
Cl! diffusion loss; ð9Þ
ClO! diffusion loss; ð10Þ
ClOOþ diffusion loss: ð11Þ
Reactions (9)–(11) represent the transport of radicals away
from the detection zone with an apparent ﬁrst-order rate constant
of 2.3  102 s1, determined directly from the decay of the ﬂuores-
cence signal in dilute Cl2/He mixtures. The values adopted for
k4 = 9.8  1012 and k8 = 1.4  1010 cm3 molecule1 s1 are well
established and have been taken from the literature [11]. Finally,
k3 and k7 were adjusted to simulate the experimental decay of
[Cl] in reaction mixtures containing small [O3] concentrations since
under such conditions the kinetics of chlorine atom disappearance
is most sensitive to both parameters. Numerical integration of the
kinetic mechanism with [Cl]0 = [ClOO]0 = 0.005  [ClOOCl]0 and
k7 = 8.0  1011 cm3 molecule1 s1 revealed that k3 had to be con-
siderably larger than the recommended value in Ref. [11]. In fact,
our experiments are best simulated by using a value of k3-
[M] = 2.0  105 s1 (Fig. 2a). This result combined with direct mea-
surements of k3 [11] and an estimate of DS3 = 106.7 J K1 mol1
[14] leads to DH3 = 24.7 kJ mol1, in very good agreement with a
recent study by Nicovich et al. [15]. The adopted value of k7 is in
the range of (0.8–1.0)  1010 cm3 molecule1 s1, in excellent
agreement with Refs. [9,16]. The calculations further reveal that
under our experimental conditions nascent ClOO decomposes al-
most synchronously with the laser ﬂash and that [Cl] essentially
reaches the steady state value [Cl]ss corresponding to the chain
decomposition of ClOOCl within 15 ls. Moreover, the value of [Cl]ss
extrapolated to time zero is within 10% of ([Cl]0 + [ClOO]0). The
Table 1
Chlorine-atom ﬂuorescence measurements.a
Experiment No. [ClOOCl] [Cl2] [O3] [NO] I0 /
1 1.08 5.28 0.80 – 249
0.88 2.64 0.80 – 169 1.20
0.96 1.76 0.64 – 119
2 1.80 8.00 0.20 – 446
5.52 6.40 2.80 – 700 1.14
6.60 17.6 2.40 – 1051
3 1.00 4.40 0.68 – 547
0.88 1.20 0.68 – 243 0.98
4 1.64 2.80 0.60 – 1371
1.48 1.60 0.56 – 1076 0.92
1.28 2.80 0.52 – 1353
5 1.80 5.08 5.20 – 333
1.64 1.36 7.12 – 168 0.93
6 1.64 1.32 2.08 43.7 204
1.64 1.32 2.08 – 326
7 – 2.6 – 43.7 247
– 2.6 – – 353
a I0 values (in arbitrary units) only self-consistent within each experiment due to
different detection conditions. Concentration units 1014 molecule cm3.
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uation of the initial quantum yield since a similar correction also
applies to the actinometer measurements.
Table 1 shows the experimental conditions, extrapolated inten-
sities I0 and calculated quantum yields /. The results together with
the value of the absorption cross section given above lead to a pri-
mary quantum yield of 1.03 ± 0.12, that is essentially unit efﬁ-
ciency for the photodissociation of ClOOCl into chlorine and ClOO
radicals. The error represents one standard deviation, and does
not include the error associated with the absorption cross section
ratio. Notice that a smaller value for this ratio would imply quan-
tum yields smaller than one.
Some experiments were performed in the presence of NO at
concentrations in the range (1.5–2.0)  1015 molecule cm3 to con-
ﬁrm the absence of ClO as a primary fragment in the photolysis of
ClOOCl. It was anticipated that the addition of nitric oxide at this
concentration level would convert ClO radicals into detectable Cl
atoms within 15 ls thereby increasing the apparent value of the
quantum yield. Thus, series of experiments were carried out in
which ﬂuorescence measurements were made in the presence
and in the absence of NO, for the ClOOCl reaction mixture, as well
as for a dilute mixture of Cl2 in helium (see e.g. Table 1, experi-
ments 7 and 8, respectively). As expected, the addition of NO de-
pressed the ﬂuorescence signal by about 30% in the Cl2/He
experiment, because it attenuates VUV radiation. The results show
that the signal is similarly attenuates in the ClOOCl experiment (by
 35%); and, furthermore, that the decay of the ﬂuorescence inten-
sity is markedly slower (Fig. 2b) than it is in the absence of NO
(Fig. 2a). In this case Cl atoms are regenerated by yet another chain
process:
Clþ O3 ! ClOþ O2; ð4Þ
ClOþ NO! Clþ NO2: ð12ÞThe perceptible autoacceleration as well as the depressed value
of [Cl]ss at time zero observed in Fig. 2b can be simulated by the
inclusion of the following reactions:
Clþ NOþM! NOClþM; ð13Þ
Clþ NO2 þM! NO2ClþM; ð14Þ
ClOOþ NO! ClOþ NO2; ð15Þ
Clþ NOCl! Cl2 þ NO: ð16Þ
An analysis of the experimental results which takes into account
these reactions as well as the experimental uncertainty indicates
that the quantum yield for primary ClO production is not larger
than  0.25. Clearly, the photodecomposition of ClOOCl at wave-
lengths around 300 nm yields mainly, if not exclusively, Cl atoms
and ClOO radicals.
4. Conclusion
In summary, the experimental results described in this paper
conﬁrm our earlier expectations, namely that chlorine peroxide,
ClOOCl, would photolyze in the polar stratosphere in the spring
months yielding essentially two chlorine atoms per solar photon
absorbed. Additional studies would be desirable to corroborate
these results, to reduce the uncertainty in the quantum yield value
and to obtain deﬁnitive information on the absorption cross sec-
tion of ClOOCl beyond 300 nm, the wavelength range which is
important for solar photolysis.
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